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ABSTRACT 
Two series of polystyrene latexes \'1er~ prepared with the 
ionogenic monomer 2-acrylamido-2-methylpropane sulfonic acid (AMPS). 
In the AMPS(Na+) series, the pH was controlled at 7.5, while in the 
AMPS(H+) series~ the pH varied from 2.1 to 7.5~ the effects of 
increasing the concentratior of ionugenic monomer on th~ coagulu~, 
particle siz.e and distributiori, s1Jrface charge d~nsity, e·ler.trolyte 
stability and molecular weight oistribution ~~re ·investigate1. 
Particle size was found ro cecrease and th~n increase slightly 
with increasing concentration of AMPS. The latexes prepared were 
monodisperse with a uniformity ratio range of 1.001 to l .043. 
The level of coagulum followed a trend similar to particle size. 
Characterization of cleaned lJtex by conductometric titratlon 
found strong and weak acid groups on all latexes prepared with 
AMPS(H+). The AMPS(Na+) had strong acid groups orly. The surface 
charge den5fty was found to increase v1jth charged AMPS concentra-
tion. The number of strong acid groups per polyr.ier. 1·:olecule in-
creased from 3.3 to 25.2 as AMPS concentration iiir.reased. The 
degree of dissoci.ation calculated from the critica, coagulation 
concentration ranged from a.a to 7.1%. 
Latex stability as determined by coagulation kinetics, showed 
' a general increase with increasing AMPS concen.tration. Deviations 
in these trends w~re attributed to the particle surface b~ing a 
poor model for the DLVO theory and to superposition of electro-
static and steric stabilizing effects. The rate constant for fast 
coagulation was determined to be (2.923 ± l.086)xlo-12 cm3/particle-
second and in agreement with the9ry. 
The molecular weight distribution was found to be considerably 
broader than predicted by Smith-Ewart Case II kinetics. The weight 
average molecular weight was. found to increase with· AMPS concentra-
tion. Ion exchange was found to be adequate tn removing 1ow molec-
ular weight polyelectrolyte adsorbed on the particle surface. 
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C H- A P T E R I 
INtRODUCTION 
Ionogenic monomers (also referred to as functional monomer·s, 
ionic comonomers, comonomeric emulsifiers, or polymerizable surfac-
tants) can -be used in sma 11 quantities to modify or incorporate 
certain propert-ies into the polymer late-x. The ionogenic moncr,1er 
consists of a 4~8 carbon· chain backbone with a double bor~d at one 
end and a functional group at the other end. Ionogenic monori1ers 
with sulfonate functional groups are often used in emulsion polym-
erization to improve the stability of a latex during or after 
polymerization. Latexes copolym~rized with sulfonated vinyl 
monomers ~re stable to coagulation over a wide ran~e of acidic 
and basic pH's. 1 
The use of ionogenic monomers in emulsion polymerization in 
place of trijditional surfactants offers several arjvantages. Upon 
polymerization, the ionogenic monomer provides a so~rce~ af const~nt, 
chemically bour,d charge at the polymer particle surface; The hydro-
philic nature of the functional group tends to keep it ririented at 
the water/polymer interface. Consequently, the physical pyoperti~s 
of the latex cannot be ~ltsred by an adsorptibn/desorption cyGle 
which would occur if traditional surfactants ~ere used in the 
polymer latex system. Since the source of the constant char3e js 
chemically bo~nd to the particle surface, a smal·ler a~ount of func~ 
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tional monomer is required to provide the same stability c~ an ad-
sorbed surfactant molecule. The amount of functional monomer used 
to modify the polymer is usually less than 1% of the base monomer, 
which is favorable from an economic viewpoint. 
Ionogenic monomers, in addition to their stabilizing function, 
can be use.d to modify or control certain latex properties. Films 
produced from latexes using functional monomers can be made to be 
redispersable or ~ater-resistant depending on the amount of func-
tional monomer ~sed. Latexes produced with functional mono~_ers 
have found applications in paints, paper coatings, leather treat-
ment, foams and adhesfves. 1 
The properties of the latex for applications in different 
technologies are controlled by the surface properties and the 
interactions that occurs at the water/polymer interface during 
their application. The polystyrene· latex is also '"ell suited as 
a model colloid because of its nondefo.rmable nature, the ability 
to control its particle size and size distribution and because it 
has a hydrophobic surface. 
Probably, the most important colloidal property of a latex 
is its stability or resistance to coagulatio~. All latexes are 
required to remain stable during polymer"ization. After polymeri-
zatioh~ many l~texes are.stored for days or years, while some are 
flocculated· for recovery of the polymer. The stability of the 
latex system· is contro11.ed by the concentration of electrolyte, 
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the amount of charge present on the particle surface, and the 
temperature. The resistance to shear is also important in de-
termining· the mechanical stability of-a latex. The two mechan-
isms controlling the latex stability are e.lectrostatic and steric 
stabilization. 
A major concern in the use of a functional monomer is to de-
termine the location of the functional groups after polymerization. 
It is important to ma~imize the incorporation of the ionogenic 
monomer such that a majority of the functional groups are located 
at the water/polymer interface. The functional monomer can enter 
into the emulsion polymerization reaction in several ways: 
1. Itmay copolymerize at the particle surfac·e so that it 
is incorporated or chemical bound into the polymer matrix. 
2. It may copolymerize or homopolymerize inside the parttcle. 
3. It may homopolymerize or copolymerize in the aqueous phase 
as polyelectrolyte or surfac~ active oligomer. The pres-
ence of polyelectrolyte can cause particle flocculation 
because of its large number of adsorption sites. This 
also makes it difficult to remove. 
4. It may not polymerize at all, remaining in the aqueous 
phase. 
T~e purpose of this investigation is to correlate, in terms 
of colloid theory and polymerization kinetics, the surfa~e and 
physical propertie~ of polystyrene latexes prepared with an iono-
5 
genie monomer. Cle.an, rnonodisperse polystyrene latexes with 
varying amounts of the ionoger:ii c monomer ·2-acryl ami_do~2-methyl-
propane sulfonic acid (AMPS) were prepared. The system was free 
of any added emulsifier, and all other remnants of the polymeriza-
tion were removed by ion exchange. A highly ~ccurate conductomet-
ric titration method was used to quantitatively characterize the 
different functional group~ found. on the polymer· particle surface. 
The electrostatic stability w~s investigated with an infrare~ 
light scattering technique used to determine coag·uiation kinetics. 
Parameters describing the resistanc~ to coagulation were determined 
from existing theories of light scattering, coagulation kinetics, 
and electrostatic stability. 
The molecular weight averages and molecular weight distrib-
ution were determined by gel permeation chromatography. Of par-
ticular inter~st was the pr~sence of low molecular weight material, 
presumed to be polyelectrolyte, and if it was removed by ion ex-
change. 
6 
CHPPTER II 
THEORETICAL AND EXPERIMENTAL DETAILS 
Materials 
Styrene monomer (Fischer Scientific Company) was washed with 
10% aqueous sodium hydroxide, drfed over anhydrous sodium sulfate 
(100 g/1), and then distilled under a highly purified nitrogen 
atmosphere at 50 mm Hg to remove inhibitors and impurities. All 
water used in this work was deionized after being doubly-distilled. 
For polymerizations, the water was boiled a.nd then cooled in an 
ice bath while being purged with nitrogen to remove oxygen from 
the water. Grade 5 ultrapure nitrogen (A_IRCO) was used ·in all 
cases. 
The ionogenic monomer 2-acrylamido-2-methylpropane sulfonic 
acid (AMPS) was of special process grade, and used as received 
from the Lubrizol Corporation. The structure of AMPS is 
The recipes used for preparing polystyrene latexes ·11ith 
functional monom~r by emulsifier-free polymerization i.s given in 
Table L. One set of polymerizations used the AMPS in the hydrogen 
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TABLE I 
Latex Recipes 
All recipes contain: styrene 40 g 
water 140 CT ., 
methanol 20 g 
sodium bicarbonate 0.4 g 
potassium persulfate 0.4 g 
I 
Latex + [AMPS ,Na ] Latex [!' ... MPS , H +] 
Code mol/1 aq Code mol/1 aq 
SA-27 0.001 SA-10 0.0 
SA-28 0.010 SA-2 0.0121 
• 
SA-29 0.025 SA-1 0.0422 
SA-30 0.050 SA-13 0.0724 
SA-31 0.075 SA-14 0.151 
SA-37. 0.100 
a 
form (AMPS (1/)) while tlie other used the sud·ium form (AMPS(i~/)). 
A 0.32 M solution of AMPS (Na+) was prepared by titrating an AMPS 
(H+) solution with sodium hydroxide until a pH of 7 was reached. 
Methanol was used to increase the solubility of styrene in the 
aqueous phase in order to increase the probability of copolymer-
ization with ionogenic monomer thus improving its incorporation. 
The ion exchange resins, Dowex 50W-X4 (H+) and Dowex 1-X~(OH-) 
were supplied by the Dow Chemical Company. A rigorous purification 
procedure to clean the resins of impurities and polyelectrolyte was 
carried out. The procedure, developed by Vanderhoff2, includes 
multiple washings of each resin separately with JN NaOH, hot water, 
methanol, cold water, 3N HCl, hot water, methanol and cold water. 
This cycle is carried out repeatedly until the wash water has a 
conductivity as low as that of deionized, distilled ~ater. The 
cationic and anionic resins are mixed in equal weights, washed with 
water end are then ready for use. 
Tetranydrofuran (THF) (reagent grade-Fischer Scientific) was 
used as the mobile phase for molecular weight determination by gel 
permeation chromatography (GPC). The solvent was filtered through 
a 0.2 µ fluropore filter (Millipore Corporation) to remove any par-
ticulate matter. Polystyrene standards (Water 1 s Associates) of 
molecular weights 2350, 3600, 17500, 35000, 110000, 200000, 470000, 
650000, 1440000, 2700000 and 3800000 were prepared as 0.1 wt% solu-
9 
tions in THF to determine the calibration curve for GP(. 
,I 10 
Latex Preoaration 
Two series of emulsifier-free latexes were prepared by 
emulsion polymerization in bott'les. T111elve-ounce narrov, mouth 
bottles with metallic caps were used. Two holes (0.2 cm in dia~-
eter) v1ere dri I led through the caps for purging of oxygen from 
the bottles and to inject the initiator solution. A rubber g~sket 
was used inside the cap to seal the bottles. The gasket consisted 
of a hard PVC-SER rubber disc and a sr"ail~r StJt:lla~le butyl ruober 
(B. F. Goodrich) disc glued together with the ~oft rubber under the 
cap covering the two holes. 
The ingredients of the poly111E:rization recipe 1·1ere chat~ed ir1 
the following sequence. 
1. The buffer, weighed separately, rlas added to the drv, 
preweighed bottle with cap. 
2. The water (all but 10 ml) and methanol were added tu the 
bottle next. 
3. The proper amount of AMPS 1vas added in solution or as a 
powder as required by the recipe. 
4. The styrene monomer was added and the bottle was capped. 
5. The sample was sparged with ultrapure nitrogen. Two 
needles were inserted through the cap; a nitrogen inlet 
needle and outlet vent needle. 
6. The initiator solution was made up with the remaining 
water. 
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7. After the nitrogen purge is completed, the needles are re-
moved and a drop of toluene is placed in the cap holes to 
swell the butyl rubber. The bottle is placed inside a can-
vas bag and then placed into a steel cage in the bottle 
polymerizer. The bottle is preheated to reaction temper-
ature for 30 minutes. 
a. The bottles are removed after preheating and the initiator 
solution is injected. 
9. The bottles are replaced into the polymerizer for the re-
quired reaction time. 
10. After the reaction is completed, the bottles are removed 
from the polymerization bath and placed in an oven for two 
hours at 9o0c. 
The bottle polymerizer operates at 70°c and can hold six 
bottles simultaneously. It tumbles the bottles end over end a1: 
approximately 35 RPM. 
The bottles are preheated su that the reactants are all at 
the same temperature. After the polymerization is comp~eted, the 
bottles were heated to 9o0c to decompose any remaining initiator. 
Finally, the contents are filtered through glass wool to remove 
any coagulum. The coagulum is dried at 40°c and then weighed to 
determine the amount based on initial monomer content. The conver-
sion is determined gravimetrically. 
12 
Particle Size 
Particle size was determined by electron microscopy using~ 
Philips 300 transmission electron microscope (TEM). One drop of 
highly diluted latex was placed on a copper grid and dried at room 
temperature. The grid was then shadowed with platinum at an angle 
of 45°. Particle size was measured directly from the electron 
micrograph negatives using a calibrated magnifying eyepiece. 
Approximately 200 particles were counted for each latex. 
The number average diameter was calculated from 
Z n · D · on = __ ,_,_ 
ni 
The weight average diameter was calculated from 
- [ n, 06 1/3 
oi,., = 1 1 
') 
L. n· 1 
Q':' 
1 
The latex dispersity is given by the uniformity ratio 
u = 
D 
w 
( l ) 
( 2) 
( 3) 
If the uniformity ratio is less than l .05, th~ latex is con-
sidered to monodisperse. 
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Surface Characterization by Conductometric Titration 
A quantitative and qualitative nnalysis of the l;itex r;:irtir.:le 
surface was performed by conductometric titration. The type and 
amount of each surface group is determined by titration with base 
of a latex which has been cleaned by ion exchange so that all 
functional groups have hydrogen counterions. The titration method 
is sensitive to strong acid groups (sulfate and sulfonate) and 
weak acid groups (carboxyl). The equivalence points are determined 
by following the conductivity of the latex as it is titrated. 
The latexes are cleaned by repetitive batch ion exchanges with 
purified, mixed bed (Dowex 1 and Dowex roW) ion exchange resins. 
The ion exchange cycles are repeated with fresh resin until con-
sistent titration curves are obtained. 
The conductivity of each latex (diluted to 2 wt.~ solids) was 
monitored continuously while a 0.019N NaOH solution was added at a 
constant flow rate of 0.8 ml/min. The amount and type of each sur-
face functional group was determined from the equivalent points on 
the titration curve. The number concentration of acid groups, ni 
(gm-equiv/gm polymer) is given by 
(v.-v. 1)N 1 1-
n. = 1 -----
s ( l 000) 
14 
where V; - Vi-l = volume of NaOH added from last 
equivalence point 
N = normality of titrant 
S = weight of oolymer solids titrated, 
gms. 
The surface charge density Gs (µcoul/cm 2) is given by 
where ni =#of acid groups 
NA= Avogadro's number 
Pp= polymer density 
D = particle diameter, cm. 
Finally, the area per charge Ac is determined from 
{j 
Ac=----
n,NAD;:i 1 p 
Ultracentrifugation 
( 5) 
' ,. ) ,o 
An IEC preparative ultracentrifuge was used to separate the 
latex serum for microscopy studies to determine if polyelectrolyte 
formed during polymerization. Approximately 10 ml of latex was 
placed in a polycarbonate tube and then inserted into a swinging 
bucket.rotor. The sample was spun at 35,000 RPM for thirty min-
utes. The serum was drawn off by syringe and saved for further 
15 
centrifugations. The polymer particles were redispersed in water 
and centrifuged again to encourage desorption of any polyelectro-
lyte still adsorbed on the particle surface. The serum collected 
from each run was combined and centrifuged to remove any remaining 
latex particles. One drop of the serum was then diluted and placed 
on a carbon grid and dried for observation by the TEM. 
Coagulation Rate Studies 
The stability of a latex can be measured by its resistance 
to coagulation by an electrolyte. The rate at which a latex co-
agulates can be related to parameters which describe the electro-
static stability in terms of repulsive and attractive forces. 
These stability parameters ·11ere obtained through an in1tial rate 
of coagulation technique. The coagulation kinetics were measured 
by following the change in optical density as a function of time. 
As the concentration of the electrolyte that is added to the latex 
is increased, the initial slope of the optical density-time curve 
increases until an electrolyte concentr1tion is reached, beyond 
which the initial slope remains constant. The concentration at 
which the slope becomes constant is the critical coagulation con-
centration (c.c.c.). Electrolyte concentratior.s less than the 
c.c.c. correspond to slow coagulation, while greater concentra-
tions belong to the rapid coagulation regime, where every colli-
sion leads to irreversible contact. 
The stability of a latex is determined by the potential of 
16 
interaction between two particles. The potential of interaction 
V is given by the summation of attractive Van der Waals potential 
and the electrostatic repulsive double layer potential. This is 
represented schematically in Figure 1 by showing the potential of 
interaction as a function of particl~ separation distances. The 
height of the primary maximum determines the stability of the la-
tex. For irreversible coagulation to occur, a particle must have 
sufficient energy to overcome this repulsive barrier and fall into 
·' the primary minimum. If the secondary minimum is large enough, 
it is possible for agglomerates to form in this trough. This 
type of coagulation is reversible if the depth of the secondary 
minimum is less than about 5kT. 
The stability factor Wis the fraction of irreversible colli-
sions that occur during slow coagulation. Expressed in terms of 
rate constants 
k W = r ( 7) 
---
ks 
where kr and ks are the rate constants for rapid and slow coagula-
tion respectively. W also represents the area under the primary 
maximum. 3 The greater the potential barrier and area under this 
curve, the greater W will be, indicating greater stability. 
,./ 
• 
Silebi4 derived a relationship between the rate of change of 
turbidity as a function of the coagulatio11 rate constant, particle 
17 
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Figure 1. Schematic diagra~ of potential of intetaction curve for 
two particles .as a function of ·their separat_ion distance s. 
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I l', 
,, 
concentration and the scattering cross-section of the pijrtirles 
determined from the Mie theory of light ~cattering. Equation a 
accounts for the hydrodynamic interaction and potential of inter-
action and differs from a similar equation d~rived by Wu
5 by a fac-
tor of two: 
d-r dt = Np kr L R1 t=o 
Where Np= particle concentration 
L - cell path length 
R1, R2 = scattering cross section of 
singlet and 
coublet particle agglomei·ates 
I 0.0. = log o = optical density 
I -1- I 
T = ln -y- = 2. 303 log -{=turbidity 
( 2) 
I , = light intensity in reference and sample cells, 
0 
resµectively. 
The fast coagulation rate constant can be determined experimentally 
from Eqn. a by measuring the initial slope of the o~tical density-
time curve. 
As discussed earlier, the initia1 slope is a function of the 
electrolyte concentration. The initial slope increases from slow 
to rapid coagulation as the rate of coagulation increases with 
greater electrolyte concentration. For rapid coagulation, the 
rate of coagulation and initial slope are constant. The stability 
19 
factor W can then be determined from the slopes obtained experimen-
tally by 
dt d{O.O.} ' I 
dt t=o, CE = C .c. C. dt I t=o, C(c.c.c. 
w = kr = ~~ I t=o. = i ( 9) -~ d~O.D. l i CE dt i t=o 
d{O.D.} 
The limiting slope, dt t=o, CE= c.c.c. where C= ~ electrol;:2 
Concentration, is determined frcm the average of sever31 fast 
coagulation runs. For rapid coagulation Wis defined 3S 
1 6 
I' 
fhe optical density-time curve is deterrriined b/ iileasuring 
the light intensity ratio of an infr3red source as it passes 
through the latex in the reference and sample cells. h Cary lJ 
spectrophotometer was used to measure the change in optical den-
sity. A schematic of the Cary 14 is shown in figure 2 .. ~11 r~rns 
were carried out at a wavelength of 1370 nm. The quartz sample 
cells had a l cm path length and a 5 ml capacity. Three milli-
liters of dilute latex was added to each cell. The concentrations 
of the latex in the cell ranged from 0.015 to 0.025 wt~ after addi-
tion of electrolyte. Since the stability curves are independent 
of solids content, an optimum concentration was chosen to get the 
best signal .7 One milliliter of water was added to the reference 
cell so that the concentration of latex would be the same in both 
cells after the electrolyte was added. The sample cells were then 
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detcetor 
placed into the Cary 14 spectrophotometer cell compartment where 
they 'ttere allO\'led to come to thermal cqu~libriurr.. The cell C'Jf:i-
partment was maintained.at 25.0 ~ 0.1°c by a constant temperature 
bath. One milliliter of BaC1 2 electrolyte solution of t1e appro-
priate concentration was injected into the sample cell by a syringe. 
A quick injection was considered sufficient to thoroughly ~ix t~e 
electrolyte solution and latex. No other stirr~ng nechanisrn ~as 
used. Negligible differences were found i~ parallel experi~en:s 
conducted with and without stirring.? Coagulation was detected 
within 1 or 2 seconds for fast coagulation runs and wi:hi~ 5 sec-
onds for very low electrolyte concentrations. O~tical dens~:; ~as 
recorded as a function of time immediately after injectio~. 
The stability ration ~J was determined by calcu~ating t~e li~1-
iting slope from all rapid coagulations runs. (For rapid coa•;Jla-
t i on , \~ = l . ) Us i n g th e i n i t i a 1 s 1 opes of the s 1 O'.'I co a g u 1 a ti c r. 
runs, Wis calculated from Eqn. 9. Stability curves ~ere the~ 
drawn as suggested by Reerink and Overbeek. 6 They showed th3t 
the OLVO theory predicts a log-linear relationship bet~een ~ ana 
the electrolyte concentration CE: 
( l O) 
The slope of the stability curve k1, can then be relate~ to the 
22 
particle radius, surface potential and electrolyte valence by 
d log W 2.15xl07 a 
2 tanh 2 
\J 
Where a= particle radius 
v ~ electrolyte valence 
e = electronic change 
~8 = Stern or surface potential 
k = Boltzman constant 
T = temperature 
4kT ( 11 ) 
The critical coagulation concentration is determined exper-
imentally from the electrolyte concentration that borders slow and 
fast coagulation. The DLVO theory defines the c.c.c. by the 
following expression: 8 
a.ax ,o- 22 
c.c.c. = tanh4 rl ve ·ro 'j· 
4kT 
( 12) 
where A is the Hamaker constant. By combining Eqns. 11 and 12, the 
Hamaker constant can be determined experimentally from the slope of 
the stability curve and the c.c.c.: 
l.73 X 10-36 
.~ = 
d log W l 2 
d log CEl 
2 2 a v c.c.c. 
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1/2 
( 1.3) 
Eqns. 11, 12, and 13 apply ·t1hen water is the medium, the temp-
erature is 2s0c, and Ka>> l (K is the reciprocal double layer 
thickness), which implies that the particles are large compared 
to the double layer thickness (high electrolyte concentration) and 
large enough so that the flat plate model apprcximates t~at of a 
spherical mode1. 
Eqn. 12 is also known as the Schulze-Hardy r~le and predicts 
an inverse sixth power dependence ~etween ~he e1ectro1yte valEnce 
and the c.c.c. If '.1\ ~ 25 mv, the hyperbolic tangen~ of Eqn. 1 2 
can be approximated by its argument and the c.c.c. is then ~ive~ 
C. C .C. = 
4 6.93 X lQ-30 -::: 
, .. ,, ' 
:_ I ,.. J 
This result shows an inverse second ~ower relationsh~~ 
between the c.c.c. and electrolyte valence. The surfa:e poten-
tial is dependent on electrolyte concentration, ~ut can be re-
lated to the surface charge ~ensity ~hich is constant if the for-
mer dependence occurs. The surface charge density and surface 
potential are then related by the expression: 3 
a=--- ( 15 ) 
24 
If the surface charge density is constant a~d ~f. < 25 ~v Eqns. 
0 -
14 and 15 can be combined, with the hyperbolic sine being approx-
imated by its argument, resulting in the following expression: 
3.2 X 10-l 2 0 413 
c.c.c. = 
A 2/3 } ( 16) 
The degree of dissociation of the strong acid groups on the 
particle surface can be obtained from experimentally determined 
values of the c.c.c. and o (conductometric titration). The value 
of the c.c.c. is substituted into E~n. 16 and a calculated value of 
the surface charge density is obtained, whi crn,hen compared to the 
experimental value of conductometric titration gives the degree of 
dissociation. 
Molecular Weight Determination 
The molecular weight and distribution of each latex was deter-
mined by gel permeation chromatography (GPC). GPC allows the deter-
mination of a number, weight or z-average molecular weight for the 
polymer and a molecular weight distribution over the entire range 
of polymer molecular weights. Therefore, it can be used to detect 
the presence of low molecular weight material, such as oligomers or 
po1yelectrolyte, and is also then, a good measure of the degree to 
which the latex has been cleaned by ion exchange. 
A Water's Associates model 201A GPC equipped with a differen-
25 
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·t 
J 
tial refractometer detection was used. Four µ-Styragel columns 
were used with pore sizes 103, 104, 105, and 106 allowing anal-
ysis of a molecular weight range of approximately 1,000 to 
5,000,000. Tetrahydrofuran (THF) was used as the mobile phase. 
Narrow distribution polystyrene polymers were used as calibra-
tion standards, ranging from a molecular-weight of 2350 to 
3,900,000. Calibration samples were prepared at a concentration 
of 0.1 wt.%, filtered, and injected in quantities of 50-300 ~l. 
All latex samples were dried at 60°c for several days, before 
dissolving in THF at concentrations of 0.2 to 0.4 wt~. All sam-
ples were filtered through a 0.5 ~ fluropore filter before injec-
tion. Care was taken to keep filtration rates slow to prevent 
shear degradation of the polymer. Samples 1·1ere injected in 200-
400 µl quantities. 
A Fortran IV program was used to analyze the results ootained 
from the chromatograms. Average molecular weights and molecular 
weight distributions were determir.ed from :he height of the chrom-
atogram at any elution volume, which is directly related to the 
molecular weight. The number average molec~lar weight is given by 
MM= 
L N. M. 
l l 
L M. 
1 
The weight average molecular weight is 
26 
= L heights 
L N. 
l 
( 17} 
r N. M2 
M = 
w 
1 1 ( 1 a) 
I: N. M. 
1 1 
and the z-average molecular weight 1s given by: 
... N M3. I., • 
M = 
z 
l l 
Z: N. M~ ( 19) 
l l 
The weight average is the molecular weight most often reported. 
The dispersity of polymer is given by the ratio of weight average 
and number average molecular weights: 
M 
D = w (20) 
The area under the chromatogram is proportional to the amount of 
material injected. All chromatograms are nor~alized to a constant 
area or injection size. The normalized chromatogra~ is then used 
to calculate a cummulative molecular v,eight distribution. 
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CH APTER III 
RESULTS AND DISCUSSION 
Coagu 1 um_ 
The coagulum from each polymerization was collected and dried. 
Figure 3 shows the percent coagulum based on the monomer phase ·,er-
sus the AMPS (Na+) concentration. The coagulum level decreased to 
4 wt%, and then gradually increased to 7.5 wt% as the fJnctional 
monomer concentration increased. The decreasing ccagulation level 
indicates that more of the primary particles formed in the early 
part of the polymerization are more stable due to incorporation of 
the AMPS and therefore are more resistent to flocculation because 
of their greater electrostatic stability. At increased levels of 
functional meinomer, the functional monomer far exceeds the concen-
tration of styrene in the aqueous phase. The probability of homo-
polymerization to form polyelectrolyte is therefore greater. How-
ever, the addition of methanol increases the solubility of styrene 
in the water phase, therefore increasing the AMPS-styrene ratio 
and improving the chances of copolymerization of the AMPS into 
the polymer particle. 
The polyelectrolyte also adsorbs on the particle surface at 
several sites and causes flocculation of particles by bridging. 
The more AMPS present, the greater the amount of polyelectrolyte 
that is formed. 
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Figure 3. The effect of AMPS concentration on the level of coagulum 
formed during polymerization. 
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7. 
Particle Size 
The particle size of the latexes were determined by transmis-
sion electron microscopy. A plot of the number average particle 
diameter, calculated from the electron micrographs versus the 
charged concentration of AMPS is shown in Figure 4. A trend simi-
lar to that found in the coagulation levels was observed; the 
particle size decreased to a minimum and then increased again. 
The following mechanism is proposed to explain this trend. 
As described earlier, as more A~PS is present in the system, it 
will be incorporated into more of the ~rirnary particles. With 
the additional stabilizing charge from the functional ~onomer 
and already present initiator fragments, the ~rimary particles 
will be less likely to flocculate. With a grea~er number of 
stable particles present, the monomer will be distributed over 
a greater number of polymerization sites resulting in a s~aller 
final particle size. However, as the AMPS concentration increases, 
more polyelectrolyte is formed which causes flocculation of par-
ticles. This viill decrease the number of polymerization sites, 
and therefore, the final particle size will be greater. 
The technique used to prepare the latexes resulted in mono-
disperse particle size distributions. The bottles were preheated 
with all constituents except the initiator so that the system had 
a homogeneous temperature distribution. The rate of polymeriza-
tion would then be constant throughout, so all particles formed 
would grow at the same rate early in the polymerization. This also 
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Figure 4. The ~ffect of AMPS concentration on the particle size.of 
the 1 a_texes. 
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minimiz~s the particle nucleation stage and lengthens the growth 
stage which also encourages the formation of a monodisperse 
latex. 5 The uniformity ratio varied from 1 .001 to l .043 for all 
latexes prepared. A uniformity ratio of less than l .05 indicates 
a monodisperse system. Table II give the uniformity ratio, num-
ber average and weight average particle diameters for all latexes 
prepared. Figure 5 shows an electron micrograph of latex SA-23 
which had a uniformity ratio of 1 .001. 
Surface Characterization 
The nature of the surface groups was determined by conductomet-
r1c titration. The latexes were first cleaned with mixed bed ion 
exchange resins until the results of the titrations were consistent. 
From two to six cycles with fresh resins were required to ~ccam-
plish this. Each latex was titrated with a 0.019N sodium hydrox-
ide solution. Tables III and IV show the titration results for 
the AMPS(Na+) Jnd AMPS(H+) latexes respectively. The titration 
curves for AMPS(H+) and AMPS(Na+) latexes are given in Appendix I. 
+ The AMPS(Na ) latexes were found to have strong acid groups 
only, while strong and weak acid groups were found on the AMPS(H+) 
latexes. Figure 6 shows only one strong acid equivalence point 
and no weak acid end points. The strong acid charge represents 
that due· to sulfate groups from persulfate initiator and sulfonate 
groups from the AMPS comonomer. The persu lf ate initiator generates 
both sulfate and hydroxyl radicals which can both initiate polymer-
32 
Latex 
SA-27 
SA-28 
SA-29 
SA-30 
SA-31 
SA-32 
SA-10 
SA-2 
SA-1 
SA-13 
SA-14 
Dn 
(nm) 
697 
487 
333 
266 
265 
280 
816 
489 
351 
209 
254 
TABLE II 
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Dw 
( nm) 
710 
488 
334 
278 
265 
280 
856 
490 
351 
211 
257 
u 
1.018 
1.001 
1.002 
1.046 
1.004 
1.001 
1.048 
1.002 
1.001 
1.012 
1.010 
c_-,;·~':,_ --- .• 
.. -
Figure 5. .Electron micr_ograph of latex SA-28: Diameter = 487 nm, 
Uniformity ratio= 1.001. 
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TABLE III 
Titration Results for AMPS (H+) Series 
H+] 
Strong Acid Charges Weak Acid Charges 
Latex [AMPS, pH N. a A N. a A 1 s C 1 w C 
moles/liter µegv µcoul (nrn2 ) /10 2 µegv µcoul (nm2 )/102 gm 2 gm 2 cm cm 
SA-10 o.o 7.5 8.0 22.1 72.5 9.4 26.0 61.6 
w SA-2 0.0121 6.5 13.0 2:1. 5 74.5 5.1 8.4 190.7 
01 
SA-1 0.0422 2.2 14.3 17.0 94.2 6.4 7.6 210.8 
SA-13 0.0724 2.1 22.9 16.2 98.9 9.0 6.4 232.2 
SA-14 0.151 6.8 45.0 38.7 41.4 19.9 1.7 .1 93.7 
I 
:I 
i 
Latex 
SA-27 
SA-28 
SA-29 
SA-30 
SA-31 
SA-32 
TABLE IV 
+ Titration Results for AMPS (Na) Series 
[AMPS, Na+] 
moles 
liter 
0.001 
0.010 
0.025 
0.050 
0.075 
0.100 
strong acid 
N. 
l 
µeav. 
gm 
10.4 
15.7 
21. 6 
32.3 
34.2 
40.7 
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charges 
CJ A S C 
µcoul (nm2)/lo2 
2 
cm 
12.2 131 
12.9 124 
12.2 132 
15.0 111 
15.3 105 
19.3 83 
pH after 
polymer-
ization 
7.9 
7. 7 
7. 7 
8. 2 
7. 7 
7. 5 
l 
I 
J 
._.-·'·-,.-~-,; j,,\'.:.'~,.-· _"· .• ··. 
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Figure 6. Conductometric titrati9n of SA-27 after 5 ion exchange 
cycl~s showing strong.acid 5urface functional groups. 
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ization. However, the hydroxyl groups do not contribute electro-
statically to stability. The weak acid groups found on the 
AMPS(H+) latexes are formed by the oxidation of these surfaces 
hydroxyl groups to carboxyl groups.2 They could also be formed 
by hydroylsis of the AMPS sulfonate groups at acidic pH's. 
Figure 7 shows a conductometric titration of a AMPS(H+) 
latex with strong and weak acid end points. This is encouraged 
by the acidic medium of the AMPS(H+) recipes. The decrease in 
pH of the system increases the formation of a greater propcrtion 
of hydroxyl radicals which can be oxidized to carboxyl groups. 5 
Although both recipes had sodium bicarbonate as a buffering agent, 
the acidic nature of the AMPS(H+) was not neutralized. Table III 
shows that as the concentration of AMPS(H+) increases, so does the 
total amount (ni) of carboxyl groups found. All these 1atexes 
(of the AMPS(H+) series) had acidic pH's. The pH of AMPS(Na+) 
series was fairly neutral and ranged from 7.5 to a.2. 
For all latexes prepared, the total amount of strong acid 
charge increased as the AMPS concentration increased. The in-
crease in total amount of charge implies that more of the AMPS 
has been incorporated into the particle surface. But by examining 
the surface charge density, the concentration of strong acid 
groups on the surface barely increases by a factor of l .5 while 
the charged concentration of AMPS increased 100-fold. It is 
evident that the relative amount of AMPS that ends up on the 
particle surface decreases as the charged AMPS concentration in-
38 
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'Figure 7. Conductometric titration of SA-10 after 2 ion exchange 
cycles showing strong and weak acid surface functional 
groups. 
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creases. Table V shows the amount of total charge that would be 
found on the particles surface if total incorporation had 
occurred. 
Ultracentrifugation 
The preparative ultracentrifuge was used to isolate the serum 
phase to detect the presence of polyelectrolyte. Figures 3-10 
shows an electromicrograph of the serum phase of SA-13. A con-
tinuous film is shown which contains some latex particles. 1his 
film is probable evidence of polyelectrolyte formed by homopoly-
merization of AMPS present in the aqueous phase. This poly-
electrolyte can cause particle flocculation by bridging thereby 
controlling particle size and contributing to coagulum formation. 
Latex Stabj_lj__!l 
The stability of a latex was determined by measuring the 
initial rates of coagulation as a function of electrolyte con-
centration. The c.c.c. and slope of the stability curve were 
determined from these runs. Figure 11 shm"s a typical optical 
density versus time curve for a series of coagulation runs at 
different electrolyte concentrations. Optical density-time 
curves for the remaining AMPS latexes are given in Appendix II. 
The initial slope was measured from each of these runs from 
which W values can be calculated. The initial slopes of the 
optical density versus time curves were found to increase in 
magnitude until at a concentration approximately equivalent to 
40 
Latex 
SA-27 
SA-28 
SA-29 
SA-30 
SA-31 
SA-32 
TABLE V 
Ex~ected and Experimental Arnountb 
of Strong Acid Surface Charge 
+ -[ AMPS , Na ] Ni ( SO 4 & SO 3 ) 
charged . 11 d . d (mol/la )expe~imenta y etermine 
q (µeqv./gm) 
0.001 
0.010 
0.025 
0.050 
0.075 
0.100 
41 
10.4 
15.7 
21. 6 
32.3 
34.2 
40.7 
Ni (so;) 
theoretical 
(µeqv./gm) 
4. 0 
40.0 
100.0 
200.0 
300.0 
400.0 
.. 
.. ~ 
., 
• 
"' 
-
Figure a. Electron micrograph of a polyelectrolyte film with some 
flocculated latex particles. 
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Figure 9. Electron micrograph of latex particles flocculated by 
polyelectrolyte. 
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Figure 10. Electron micrograph of latex particles flocculated by 
polyelectrolyte. 
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the c.c.c. where they decreased again. Thi~ could be due to the 
differ~nt densities of the floes formPd durina coaaulation. At .., ~ 
the higher concentration of electrolyte, tightly packed floes 
are formed which scatter less liyht than a loosely packed floe. 
The loosely packed floes are formed due to coagulation in the 
secondary minimum which could occur at c.c.c. electrolyte levels. 
At electrolyte concentrations less than the c.c.c., the rate of 
coagulation decreases and the initial slcpe of the optical density 
versus time curve decreases correspondingly. 
A typical stability curve is given in Figure 12 which 
shows the stability ratio versus electrolyte concentration (see 
Appendix II for the remaining stability curves). The increasing 
log W values of the slow coagulation regime are linear with re-
spect to the log of the electrolyte concentration. Values of fast 
coagulation are horizontally linear and are by definition fit at 
W=l. The intersection of the fast end slow coagulation curves 
gives the c.c.c. The slopes and c.c.c. 1 s determined from the 
stability curves are given in Table VI. The stability curve slope 
for the AMPS(Na+) series increased to a maximum and decreased, 
while the c.c.c. 1s followed a more or less random pattern ranging 
from 13.l to 13.3 rrnnoles/liter. The slopes of the AMPS(H+) series 
increased, while the c.c.c. reached a maximum and decreased. 
Eqns. 11 and 12 predict that as particle size and surface 
charge density increase, the c.c.c. and slope of the stability 
curve and therefore overall electrostatic stability should in-
46 
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PAGES 
the c.c.c. where they decreased again. This could be due to the 
differP.nt densities of the floes formed during coagulation. At 
the higher concentration of electrolyte, tightly packed floes 
are formed which scatter less liyht than a loosely packed floe. 
The loosely packed floes are formed due to coagulation in the 
secondary minimum which could occur at c.c.c. electrolyte levels. 
At electrolyte concentrations less than the c.c.c., the rate of 
coagulation decreases and the initial slcpe of the optical density 
versus time curve decreases correspondingly. 
A typical stability curve is given in Figure 12 which 
shows the stability ratio versus electrolyte concentration (see 
Appendix II for the remaining stability curves). The increasing 
log W values of the slow coagulation regime are linear with re-
spect to the log of the electrolyte concentration. Values of fast 
coagulation are horizontally linear and are by definition fit at 
W=l. The intersection of the fast and slow coagulation curves 
gives the c.c.c. The slopes and c.c.c. 's determined from the 
stability curves are given in Table VI. The stability curve slope 
for the AMPS(Na+) series increased to a maximum and decreased, 
while the c.c.c. 's followed a more or less random pattern ranging 
from 13.l to 18.3 mmoles/liter. The slopes of the AMPS(H+) series 
increased, while the c.c.c. reached a maximum and decreased . 
. Eqns. 11 and 12 predict that as particle size and surface 
charge density increase, the c.c.c. and slope of the stability 
curve and therefore overall electrostatic stability should in-
46 
- ,· '~--v,1< ,. ,, 
l t 
I' 
l 
i 
t ;: 
~ 
,, 
{ 
! 
:?. 
~ 
C 
.,.. 
.., 
.. 
:::: 
,. 
..J 
.... 
.c 
r. 
..J 
'./'. 
f, 
• I 
,_., 
100 
10 
1 
\ e\ \ 
I 
\ 
- . ,-· ···-·-.· 
\ 
\• 
\ 
\ 
'\ 
\ 
\O 
\ 
\ 
\ 9 
\ 
\ 
\ 
I I I I I I I 
10 100 
[ CE ] , ;r.M BaCL, 
Figure 12. Stability curve for latex SA-2. 
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Latex 
SA-2i 
SA-28 
SA-29 
SA-30 
SA-31 
SA-32 
SA-lQ 
SA-2 
SA-1 
SA-13 
SJl.-14 
TABLE VI 
Results of.Stability Analysis 
(nm) 
697 
487 
3 33 
266 
265 
280 
816 
489 
351 
209 
254 
10.4 
15.7 
21.6 
32.3 
34.2 
40.7 
22.1 
21.5 
17 
16.2 
38.7 
aw 
ueqv _ d log W c . c . c . 
gm d log CE (mmole/1) 
26.0 
8.4 
7.6 
6 • 4 
17.1 
1.15 
1.08 
2.57 
3.57 
2.88 
2.81 
1.19 
2.10 
1.76 
2.76 
3.42 
16.8 
17.4 
18.0 
13.1 
14.5 
18.3 
12.5 
19.7 
30.8 
34.3 
17.7 
-·------------------------
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crease. Therefore, one might expect little increase in stability 
of the AMPS latexes sincp thP particle size decre~ses and surface 
charge increase. However, this assumes coagulation occurs in the 
primary minimum. Wiese and HealylO showed that, if coagulation 
occurred in the secondary minimum, the stability of the latex 
would decrease as particle size increased. Furthermore, second-
ary minimum coagulation would most likely occur in particles greater 
than 100 nm. Then for the AMPS latexes, the stability should in-
crease because of the decreasing particle size and increasing 
surface charge density. Figures 13 and 14 show composites of all 
the stability curves for AMPS(H+) and AMPS(Na+) latexes which 
show the general trend of increasing stability with AMPS concen-
tration. 
However, the random trends found in the c.c.c. 1 s seem to 
infer that there is no dominant mechanism of stabilization. The 
steric influences of the functional groups extending from the 
surface group could influence stability either positively or 
negatively, which ciuld account for this. A schematic representa-
tion of the different functional groups on the surface is shown in 
Figure 15. Strong-acid pendant chains could give highly concen-
trated regions of electrostatic and steric repulsion giving im-
proved stability. ll Polyelectrolyte, so strongly atsorded that it 
cann0t be removed by ion exchange, or in some way polymerized in-situ 
to the surface, could cause flocculation by bridging. This would 
lead to decreased stability in latexes prepared with higher con~ 
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Figure 13. Stability curves for latexes of the AMPS(H+) series. 
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centrations of ionogenic monomer where polyelectrolyte is more 
prevalent. Steric stabilization could also occur by the forma-
tion of vincinal water about the hydroxyl groups on the sur-
face. 12,13 
The Hamaker constant and Stern potential calculated from 
Eqns. 13 and 11 respectively, are given in Table VII. The Stern 
potential increases with charged AMPS concentrations for both 
series. If it is assumed that surface charge density is constant, 
then the Stern potential must vary with electrolyte conc~ntration. 
However, since the c.c.c. 1 s of all the latexes are similar and the 
Stern potential is determined at the c.c.c., the increased surface 
potential implies increasing latex stability. The Hamaker constant 
was found to be of the same order of magnitude as that calculated 
by Fowkes 14 for polystyrene (5.0 x 10-14 ergs) and experimentally 
determined by others.12,13 The increasing value of the Hamaker 
constant is due to the changing nature of the particle surface 
which has several different functional groups. The calculation of 
the Hamaker constant is also based on an approximate model em-
ploying several assumptions which could also contribute to the 
variations. 
Table VIII shows the degree of dissociation a calculated from 
the surface charge density and from Eqn. 16. When the c.c.c. and 
Hamaker constant determined experimentally were used, the values of 
a were slightly lower than when the theoretical value of 5.0 x 10-1 4 
~ 
ergs was used in Eqn. 16. The degree of dissociation ranged from 
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1 
l j 
-:I 
Latex 
SA-27 
SA-28 
SA-29 
SA-30 
SA-31 
SA-32 
SA-10 
SA-2 
SA-1 
SA-13 
SJl.-14 
TABLE VII 
Hamaker Constant & Stern Potential 
A 
-14 (ergs/10 ) 
0.53 
0.70 
2.39 
4.88 
3.75 
3.09 
0.54 
1. 2 7 
1.19 
2.97 
4.21 
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'¥ -
0 
(mvo 1 ts) 
4. 0 
4. 7 
8. 8 
11. 7 
10.5 
10.1 
3.8 
6 • S 
7 .1 
11.6 
11. 7 
\ 
u, 
u, 
Latex 
SA-27 
SA-28 
SA-29. 
SA-30 
SA-31. 
SA-32 
SA-10 
SA--:2 
SA-1 
SA-13 
SA-14 
• ·,e,._~_,___.,"'""'""-··- - . _· 
Degree 
c.c.c. a 
·1 
mmols Statcoul. 
R. 
2 
cm 
16.8 2031.9 
17.4 2086.1 
18.0 2139.8 
13.1 1686.0 
14.5 1819.5 
18.3 2166.5 
12. 5 1627.8 
1.9. 7 2289.6 
30.8 3201..3 
34.3 3470.5 
1. 7. 7 2112.9 
1. A= 5.0 x 10-14 ergs. 
2. A determined from eqn. 13. 
TABLE VIII 
of Dissociation 
02 
Statcoul. 
2 
cm 
657.8 
776.7 
1476.7 
1665.6 
1574.6 
1701.1 
531.9 
11.50.0 
1586.2 
2671.2 
1938.1 
3. Determined by conductorn.ee1¥1= c titration. CY. \J/ . 
o3 
exp Cl Cl 
Statcoul. 
2 % % cm 
31180 6.5 2.1 
47070 4 .4' 1.7 
64760 3.3 2.3 
96830 1.7 1.7 
102530 1.8 1.5 
122020 1.8 1.4 
66250 ·2 .5 .8 
64460 3.6 1.8 
50970 6.3 3.1 
48570 7.1 !? • 5 
116020 1.8 1.7 
0.8 to 7.1%. These low values were attributed to the high concen-
trations of surface charge. However, even if an acid group is 
partially dissociated it will contribute to latex stability. 
The complexity of the particle surface with its many different 
functional groups does not lend itself well to comparison of the 
predictions of the DLVO theory. Combined electrostatic and steric 
effects contribute to the overall stability and each stabilizing 
mechanism cannot be distinguished by the experimental techniques 
used. 
The rate constant for fast coagulation was calculated for 
Eqn. a and the limiting slopes of the optical density - time 
curves. Scattering cross-sections calculated from the Raleigh-
Debye theory for singlets and doublets and from the Mie theory for 
singlets are given in Table IX. The Raleigh-Debye scattering 
cross-sections varied from 7 to 20% of the Mie theory value. 
Table X gives the rate constants determined for fast coagulation 
and half life of coagulation determined bye= 1/NP kr, where NP 
is the particle concentration. The average value of kr was deter-
mined to be (2.923: 1 .036) x 10- 12 cm3/particle-sec. Silebi4 cal-
culated a value of (2.71 : 0.06) x 10-12 cm3; (sec-particle) in-
cluding hydrodynamic and potential of interaction effects. wu 5 cal-
culated a value of 11.0 x 10-12 cm3/particle-second based on the 
Raleigh theory of light scattering (valid for particle diameters 
less than one-tenth the incident wavelength}. The Smoluchowski 
value for kr is 6.2 x ,o-12 cm3/particle-second.13 Excellent 
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Latex 
SA-27 
SA-28 
SA-29 
SA-30 
SA-31 
SA-32 
SA-10 
SA-2 
SA-1 
SA-13 
SA-14 
TABLE IX 
Scattering r.ross Sections 
Cross Section 
(cm2)/lO-l 4 
Ralei9h-Debye 
79794. 
16148. 
2425.4 
721. 5 
706.6 
956.1 
158710 
16461 
3194.6 
186.6 
558.9 
of 
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a Singlet 
Mie 
96448 
18915 
2804.6 
795.8 
762.5 
1062.2 
200320. 
19277. 
3713.9 
205.2 
612.5 
Scattering Cross 
Section of a 
Doublet 
(cm2)/l0-14 
Raleigh-Debye 
219540. 
45837 
7888.6 
2508.5 
2459.3 
3279.6 
440510 
46667 
10202 
682.3 
1765.1 
Table X 
Fast Coagulation Rate Constant 
• 
Latex Np 
Limiting k.r Slope e 
Particles abs units 
3 
I I 
cm I (sec) 
3 10 9 sec 10-3 
particle-sec 10-:12 
cm 
SA-27 1.074 0.376 2.351 912 
SA-2,8 3.15(;> 1.285 4.267 171 
SA-29 9.848 2.225 3.402 69 
Ul SA-30 19.32 1.430 1.358 88 o:> SA-31 19.54 2.784 2.625 45 
SA-32 16.57 2.450 2.568 54 
SA~lO 3.500 1.444 2.083 2202 
SA-2 10.52 4.550 3.805 173 
SA-1 49.80 4.809 5.016 436 
SA-13. 27.75 4.793 2.000 23 
SA_.;14 0.502 0.135 2.676 31 
agreement with Silebi 1 s treatment was obtained, while the rate 
c0rstant only varied by a factor of 2 to 4 from other predictions. 
The half-life for coagulation ranged from 23 to 2202 seconds. 
Therefore the technique used to measure the rate of coagulation was 
valid since the initial slope could be measured after 1 to 5 
seconds after injection of electrolyte. 
Molecular ~eiqht Analysis 
Molecular weight and molecular weight distribution were 
determined by gel permeation chromatography. In GPC, separation 
is based on the hydrodynamic volume of a polymer in solvent. The 
hydrodynamic size, v1hich is proportional to molecular 1-,eight, 
determines the residence time in the chromatograph columns. The 
larger the polymer molecular weight, the shorter its residence 
time will be since it will be unable to penetrate into the many 
smaller pores in the packing. A calibration curve, molecular 
weight versus elution volume, can be determined by running narrow 
distribution polymers. Figure 16 shows the calibration curve for 
polystyrene in THF at 25°c and at a flow rate of 2 ml/min. Narrow 
distribution polystyrene standards were used. 
Latexes SA-10 and SA-27 to SA-32 were prepared for GPC in THF. 
Polymer latex cleaned by ion exchange and not cleaned at all were 
analyzed. Figures 17 and 18 show the normalized chromatogram and 
cumulative molecular weight distribution of the uncleaned and 
cleaned latexes of SA-27 superimposed. Two peaks were observed: 
a high molecular peak of approximately 200,000 and a low molecu-
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Figure 16. Gel permeation chromatography calibration curve obtained 
for polystyrene in THF at 250c and a flow rate of 
2 ml/min. 
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Figure 17. Normalized chromatogram of SA-27 before (. •) and .after 
( • ) ion exchange. 
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lar peak at about 500. The high molecular peak consists of the 
expected long-chain polystyrene. T~e peak shape and size is 
consistent for all the uncleaned and cleaned latexes. The low 
molecular peak is thought to consist of polyelectrolyte AMPS, 
styrene oligomers, or short-chain surface-active styrene-AMPS 
copolymer. It is important to note that the ion exchange process 
removes most of the low molecular weight material. The small re-
maining amount of oligomer sized material, evidenced by a small, 
low molecular weight peak in the clean latex chromatogram, is due 
to oligomeric material which has been buried inside the polymer 
particle. By dissolving the polymer, this material is released. 
Similar chromatograms and distributions were obtained for all 
other latexes as shown in Appendix III. Figure 19 shows the 
chromatogram for SA-10. The uncleaned latex has little low molecu-
lar weight material as would be expected since there is no AMPS 
present. The material removed by ion exchange can be attributed to 
surface active oligomeric styrene. 
Because of the column set up, i-t--is- d-i ff-icult -to quan.t-i-tativ.e\Y---------• 
determine the molecular weight of this low material or to separate 
it into different fractions. The lower exclusion limit of a 103 
µ-styragel column is approximately 1,000 MW. But this material is 
of a greater molecular weight than THF or water, which also gives 
another peak of even greater elution volume, implying lower molecu-
lar weight. (These peaks are not shown.) Below the lower ex-
clusion limit, the calibration curve also becomes nonlinear. 
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Figure 19. Normalized chromatogram of SA-10 hefore ( • ) and after 
( 1 ) ion exchange. 
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Therefore the determination of low molecular weight material is 
qualitative, but still i~portant since it shows t~P ~resence of 
oligomeric material and the ability of ion exchange to remove 
it completely, assuming that any of the remaining material was 
buried within the particle and therefore not adsorbed poly-
electrolyte. 
The cumulative molecular weight distribution shows the removal 
of low molecular weight material, while the amount of high molecu-
lar weight ~aterial has not changed. 
Table XI shows the molecular weight averages and polydisperity 
ratio of the clean latexes. For emulsion polymerization of styrene, 
the bimolecular termination reactions are dominant over transfer 
reactions in controlling molecular weight development.17 In this 
case, the molecular weight development depends on particle size, 
particle size distribution and termination rate of the radicals 
inside the particles. Hamielec and Friisl? showed that for the 
special case of a monodisperse latex, Smith-Ewart Case II kinetics, 
and instantaneous termination of a growing radical when a second 
radical enters the particle (n = 0.5), the polydispersity ratio of 
the polymer would equal 2. The polydispersity ratio of the styrene-
AMPS latexes varied from 25 to 40. The large discrepancy of poly-
dispersity ratios illustrates the deviations from Smith-Ewart Case 
II behavior since the particle size distribution is uniform and 
therefore should not effect the molecular weight distribution. For 
large particle sizes, ~ (the average number of radicals/particle) 
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Table XI 
Molecular Weight Averages 
Latex Mn/104 Mw/105 M2 /106 D 
SA-10-C 1.173 3.078 1.142 26 
SA-27-C 1.264 3.170 1.137 25 
SA-28-C 0.840 2.571 .981 31 
SA-29-C 1.777 3.976 1. 218 22 
SA-30-C 1.789 4.117 1. 334 23 
SA-31-C 1.422 5.671 2.000 40 
SA-32-C 1.925 6.191 2.073 32 
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will deviate significantly from 0.5 since it is more likely for more 
than one radical to grow simultaneously without encountering another 
living polymer chain. Therefore the assumption of instantaneous 
termination and Case II kinetics are not valid in particles greater 
than 200 nm.17 As the polymer particle grows, and instantaneous 
termination no longer occurs as frequently, the polymer chains grow 
at different rates, terminating more randomly thereby broadening 
the distribution. 
The effect of AMPS on the kinetics could also be significant. 
If termination occurs through chain transfer to some of the AMPS 
radicals, this could limit the growth of some of the chains early 
in the polymerization when it is present in greater quantities. 
After the AMPS has been consumed, polymerization would follow Case 
II kinetics until the particles were greater than 200 nm, when~ 
would begin to increase significantly; all contributing to a broader 
distribution. The addition of functional monomer influences the 
molecular weight average, increasing with the concentration of 
AMPS as shown in Table XI. 
The determination of molecular weight averages allows the cal-
culation of the number of strong acid groups per molecule, thereby 
measuring the degree of incorporation of functional monomer. Table 
XII shows the degree of incorporation, determined by calculating 
the expected and actual amount of strong acid groups from functional 
monomer and initiator assuming two sulfate groups per molecule. 
Latex SA-27 shows total incorporation of the functional monomer, 
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TABLE XII 
Incorporation of AMPS 
Latex ACTUAL EXPECTED Incorporation 
strong acid grouEs stron8 acid grouEs 
polymer molecule polymer molecule % 
SA-27 3.3 3. 3 100 
SA-28 4.0 12.3 32.5 
SA-29 8.6 41. 8 20.6 
SA-30 13.3 84.3 15.8 
SA-31 19.4 172.1 11. 3 
SA-32 25.2 249.6 10.l 
' 
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although error in the measurement of the total charge might reduce 
this somewhat. The degree of incorporation falls off very rapidly 
as the concentration is increased 100 fold to approximately 10%, 
even though 12 times more strong acid groups are present in SA-32 
than in SA-27. 
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CH APTER IV 
SUMMARY AND CONCLUSIONS 
The results of the characterizations by conductometric 
titration, coagulation kinetics, and gel permeation chromatography 
show that, as the AMPS concentration increases, more of the AMPS 
is found on the particle surface as evidenced by increased surface 
charge. However, the relative amount of AMPS incorporated de-
creases and high amounts of AMPS do not necessarily provide greater 
stability. Therefore a balance between economics and improved 
properties for the most efficient use of ionogenic monomers must 
be found. Specifically, this thesis found: 
1. The coagulum level and particle size were found to vary 
2. 
with AMPS concentration. As the AMPS concentration in-
creased, a greater number of primary particles formed and 
were more stable. This reduces the coagulum and particle 
size. At high AMPS concentrations, the excess ionogenic 
monomer homopolymerizes to form polyelectrolyte which 
causes flocculation most probably by bridging. This is 
evident through increased coagulum and particle size 
levels with greater concentrations of AMPS. 
Increased concentrations of AMPS leads to greater surface 
charge densities and strong acid groups per polymer 
molecule. But, the level of incorporation dropped from 
70 
100% at low AMPS concentrations to 10.1% at O.lM AMPS. 
3. Surface carboxyl groups which were formed from oxidation 
of hydroxyl groups, were found at acidic pH levels. When 
pH was controlled at approximately 7.5 in the AMPS(Na+) 
series, no carboxyl groups were observed. 
4. Ultracentrifugation studies of the latex serum showed 
that polyelectrolyte from the homopolymerization of AMPS 
was formed. 
5. The stability of the latexes as determined by coagulation 
kinetics generally increased. 
6. The Hamaker constant was found to be of the same order of 
magnitude as calculated by Fowkes and reported by other 
workers. It was also found to vary as a function of the 
amount of AMPS on the particle surface and in the range 
of 0.5-5.0 x 10-14 ergs for both AMPS series. 
7. The low values of the surface potential showed that the 
latexes did not follow the inverse sixth power law of 
Schulze-Hardy. 
a. The degree of dissociation of the surface groups was 
found to vary from a.a to 7.1%. 
9. The fast coagulation rate constant was experimentally 
determining to be (2.923 ± 1.086) x 10-12 cm3/particle-
sec. based on Raleigh-Debye scattering and agreeing well 
with the theoretical value of Silebi4 and others.5,13 
10. The weight average molecular weight of the AMPS(Na+) 
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latexes varied from 2.571 x 105 to 6.191 x 105. The 
molecular weight distribution was also fairly broad. 
indicating a variation from Smith-Ewart Case II kinetics. 
11. The molecular weight distribution of the uncleaned latex 
showed the presence of low molecular weight material. 
The majority of this was removed by ion exchange and 
attributed to polyelectrolyte. Low molecular weight 
material remaining in the clean latex was attributed to 
oligomeric polystyrene. 
12. The combined data from titration and stability analyses 
were found to correlate well with high values of surface 
charge giving high levels of stability. Increased sur-
face charge led to increased latex stability as deter-
mined by stability curve slope, c.c.c., and the Stern 
potential. Deviations in the expected results were 
attributed to the particle surface being a poor model for 
studyingtheDL\/0 ~heory. Combined steric and electro-
static effects from the unique structure of the particle 
surface were evident by the existing experimental devia-
tions from the trends as predicted by the DLVO theory. 
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APPENDIX I 
Results of Conductometric Titration 
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Conductometr.ic' titration of SA-2 after 2 ion exchange 
cycles. 
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Figure 1-A.2 Conductometric titrati-0n of SA-1 after 2 ion exchange 
cycles. 
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Conductometric titration.of SA-13 after 2 ion exchange 
cycles. · · · 
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Conductometric titration of SA-14 after 2 ion exchange 
cycles. 
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Conductometric titration of SA-28 after 4 ion exchange 
cycles. 
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Conductometric titration of sA~29 after 4 ion exchange 
cycles. 
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Conductometrii titration of SA~30 after 6 ion exchange 
cycles. 
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Figure II-A.3 Optical density-time curves for SA~13. 
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